The determination of body fluid acidity using a wireless magnetoelastic pH-sensitive sensor is described. The sensor was fabricated by casting a layer of pH-sensitive polymer on a magnetoelastic ribbon. In response to an externally applied time-varying magnetic field, the magnetoelastic sensor mechanically vibrates at a characteristic frequency that is inversely dependent upon the mass of the pH polymer film, which varies as the film swells and shrinks in response to pH. As the magnetoelastic sensor is magnetostrictive, the mechanical vibrations of the sensor launch magnetic flux that can be detected remotely using a pickup coil. The sensor can be used for direct measurements of body fluid acidity without a pretreatment of the sample by using a filtration membrane. A reversible and linear response was obtained between pH 5.0 and 8.0 with a measurement resolution of pH 0.1 and a slope of 0.2 kHz pH -1 . Since there are no physical connections between the sensor and the instrument, the sensor can be applied to in vivo and in situ monitoring of the physiological pH and its fluctuations.
Introduction
We aimed at the development of wireless magnetoelastic (ME) 1 biosensors for in vivo and in situ analysis. Magnetoelasticity is a property that can be used to develop wireless sensors. In a time-varying AC magnetic field, a ferromagnetic magnetoelastic ribbon can be induced to oscillate at a fundamental frequency that is inversely proportional to its length. The mechanical vibrations, in turn, generate a magnetic flux which extends remotely above the device and can be detected by a pick-up coil. For a ribbon-like sensor of length L, with width and thickness much smaller than its length, Young's modulus E, Poisson's ratio σ and density ρ, the fundamental resonance frequency is given by 1, 2 (1)
A small mass loading of Δm shifts the resonant frequency of the sensor (with a mass of m0) by an amount of:
The remote query capability of the sensor enables new applications including in situ and in vivo analysis. For example, coated with a mass-changing, chemically responsive layer, the magnetoelastic sensor can be used for analysis of chemicals. 3, 4 In combination with suitable biocompatible coatings, the sensors can be used for monitoring cell growth rates (change in mass), microbial analysis, and clinical interests analysis. [5] [6] [7] [8] A Δm --2m0
wireless, remote query glucose biosensor was developed by coating first a layer of pH-sensitive polymer and then upon it a layer of glucose oxidase. 9 The pH of physiological fluid is assumed to be of primary significance and will provide information in clinical diagnosis. Though the physiological fluid pH is a crude measure of the acid-base balance in one's body, it is helpful in determining subtle presence of distal renal tubular disease or pyelonephritis. For example, urine pH is useful for identifying crystals in urine and for determining precipitation to form a given type of stone. Most of the bacteria responsible for urinary tract infections make the urine more alkaline because the bacteria split urea into ammonia and other alkaline waste products. 10 Depending on the person's acid-base status, the pH of physiological fluid may range from 4.5 to 8.0. Control of pH is important in the management of several diseases, including bacteriuria, renal calculi, and drug therapy. In combination with blood serum pH and bicarbonate levels, urine pH was applied to the study of renal tubular acidification. 11 Numerous efforts have been directed toward the development of physiological fluid pH sensors since continuous monitoring of urine and blood pH is an important concern for critically ill patients. [12] [13] [14] If body fluid pH is to be useful, it is necessary to use pH information in comparison with other diagnostic information. So the determination of biological fluid pH value becomes important in clinic diagnosis, and in diet and drug treatments for renal disease. The pH of body fluid is measured traditionally using an electrochemical method in vitro, such as a pH glass electrode.
In this paper, a wireless, remote-controlled pH sensing platform is reported based on an earlier pH sensor developed, 15 which was fabricated by coating a magnetoelastic ribbon with a layer of the copolymer of acrylic acid and iso-octyl acrylate. The system in this work is developed for the in vivo pH monitoring purpose. A micro-testing cell was fabricated with filtration membranes as the testing windows to avoid interferents from body fluid. Urine and blood were used as the samples to test the sensor performance. Linear responses between pH 5.0 and 8.0 were observed. The effect of ionic strength and interferents on the sensor response was also investigated.
Experimental

Reagents and chemicals
Acrylic acid, poly(ethylene glycol) diacrylate (PEGD), and isooctyl acrylate were purchased from Aldrich (Milwaukee, WI) and were purified using an inhibitor remover disposable column (Aldrich) prior to use. 2,2-Azobis(isobutyronitrile) (AIBN), dimethylaminopropyl-3-ethylcarbodiimide (EDC), and Nhydroxysuccinimide (NHS) were purchased from Aldrich and used as received. Bayhydrol 110, an anionic dispersion of an aliphatic polyester urethane resin in water/N-methyl-2-pyrrolidone solution (50% w/v), was purchased from Bayer Corp. (Pittsburgh, PA). The polyester Track Etch (PETE) filtration membrane was purchased from Sterlitech Corp. (Kent, WA). Deionized and distilled water were used throughout the experiment. A 28-μm-thick ribbon of Metglas alloy 2826MB with composition of Fe40Ni38Mo4B18 was purchased from Honeywell Corp. The sensors were cut in the size of 13 mm × 4 mm × 28 μm from the ribbon. The resonance frequency of the uncoated sensor in air is ∼170 kHz.
pH-sensitive polymer synthesis
The pH-sensitive polymer is a copolymer synthesized by free radical copolymerization of acrylic acid and isooctyl acrylate in dimethylformamide based on a method described previously. 9, 15 Briefly, in the mixture of acrylic acid and isooctyl acrylate at a mole ratio of 4:1 (acrylic acid to isooctyl acrylate) and an overall monomer concentration of 4.5 M in DMF were added 0.02% (mol) PEGD and 0.4% (mol) AIBN, the initiator. After 15 min bubbling of nitrogen to deoxygenate the solution, we raised the temperature to 70˚C to start the polymerization and maintained it in nitrogen atmosphere for 1 h to complete the reaction. The resulting product was washed with water and toluene repeatedly to remove any unreacted components, and dried in a vacuum oven at 80˚C under reduced pressure (10 Torr) overnight. The polymer dissolves in ethanol but does not dissolve in water.
pH sensor fabrication
The magnetoelastic ribbon was ultrasonically cleaned in water and acetone, and then dried in a stream of nitrogen. To protect the ribbon from corrosion, a layer of Bayhydrol 110, polyurethane was first coated on the ribbon by dip-coating. The amount and thickness were estimated by measuring the sensor resonant frequency shifts before and after coating using a magnetoelastic electronics box.
9,15
The polyurethane-coated sensor was dried in air and then heated at 140˚C for 2 h to form a protective membrane, which offers -NH groups for binding of the pH-sensitive polymer. The polyurethane-protected sensor was then coated with 5 μL of 23 g L -1 pH-sensitive polymer solution in ethanol, which contains 0.46 g L -1 EDC and 0.38 g L -1 NHS. The polymer coated sensor was dried in air and then heated in a vacuum oven at 120˚C for 2 h. Activated by EDC and NHS, the pH polymer was bonded on the polyurethane film through amide bonding.
The coating-resulted shifts in fundamental frequency are ∼1 kHz (polyurethane) and ∼0.5 kHz (pH-sensitive polymer). Prior to use, the sensor was wetted by immersing in a 0.05 M KCl solution for 30 min.
Sample preparation and measurements
Urine samples were collected from normal healthy adults. After standing for 15 min at room temperature, the clear upper urine was collected for analysis. The pH value of urine was calibrated with a Delta 320 pH meter (Mettler-Toledo, Shanghai, China).
The blood sample was collected from porcine. Heparin sodium was used as a blood anticoagulant in the collection and treatment of the blood. No further treatment of the blood samples was required. The blood pH was also calibrated with the pH meter.
A microprocessor-based magnetoelastic sensor monitoring electronic box employing a frequency counting technique 16, 17 was used to measure the sensor resonance frequency with a resolution of ∼2 Hz over a 10 ms period. The sensor coated with polyurethane and pH-sensitive polymer films was directly placed into a small vial containing ∼1 mL test solution. While testing real physiological samples, the sensor was sealed within a polyethylene cell in the size of 20 × 10 × 2 mm, which has two PETE membrane windows on both sides in the size of 13 × 4 mm, having a dead volume of 0.1 mL. The whole cell was placed in a test vial which was inserted into a detecting coil. The coil was connected to an electronic box which was interfaced to a computer. Figure 1 illustrates the configuration of cell and set-up of vial and pick-up coil. The resonance frequency of the sensor shifts linearly with the mass loading as the polymer swells and shrinks.
Results and Discussion
Interferent effects
Two classes of interferents existing in physiological fluid 464 ANALYTICAL SCIENCES APRIL 2007, VOL. 23 The sensor is placed in a cell, which was packaged with a PETE membrane and is put into a test vial containing the test solution. The vial containing cell and test solution is inserted into a pick-up coil, which is connected to an electronic box. could affect the sensor responses: inorganic electrolytes that reduce the swelling degree of the polymer by changing the osmotic pressure, and organic compounds that could absorb on the polymer. In this work, NaCl and glucose were chosen as the model compounds to investigate the effects of the inorganic electrolytes and the organic compounds, respectively. Figure 2 shows the sensor responses cycled between pH 3.5 and 8.5 in 0.050 M phosphate, 0.050 M phosphate with addition of 0.150 M NaCl, the physiological salt concentration, and the above solution with addition of 0.015 M glucose, respectively. The pH-sensitive polymer is synthesized from acrylic acid and isooctyl acrylate monomers. Isooctyl acrylate was used to increase the hydrophobicity so that it is undissolvable in water. In addition, the branch alkyl group seems to enhance the ability of the polymer to swell. In alkaline solution, the polymer is electrically charged due to acrylic acid dissociation and additional swelling arises from the osmotic pressure exerted by the charged carboxylic group and its mobile counterions. Water molecules enter the polymer to lower the concentration of network ions until an equilibrium of osmotic pressure is achieved both inside and outside the polymer. The polymer is electrically neutral in acidic solution. The sensor transduction signal is derived from the polymer mass difference between its relatively shrunken state in acidic solution and its relatively swollen state in alkaline solution. Therefore, the resonant frequency of sensor is increased in acid solution (pH 3.5) and decreased in alkaline solution (pH 8.5). Adding 0.150 M NaCl reduces the sensor response by ∼15%. But little effect of glucose on sensor responses was observed. The addition of NaCl elevates the resonance frequency in alkaline solution but slightly reduces the resonance frequency in acid solution, while the added glucose does not change the resonance frequency in both alkaline and acid solutions, as shown in Fig. 3 . These results show that the decreasing in response in electrolyte solution is mainly due to the swelling degree decreasing in alkaline medium. The higher electrolyte concentration reduces the osmotic pressure, resulting in a smaller swelling degree 18 and consequently lower sensitivities. 5, 19 Sensor responses to urine A further test on the effect of interferents in body fluid was run with freshly collected urine as samples, and these contain various compounds, such as ascorbic acid, glucose, leucine, glycine, tartrate, citrate, bicarbonate, caffeine, and trace proteins. The wireless, remote query nature of the ME sensor enables it to be monitored from within a sealed container, a small rectangular cell having two 13 × 4 mm PETE filtration membrane windows on both sides allowing the sample solution to pass through. The sensor was immersed in a pH 8.5 phosphate-buffered saline (PBS, composed of 0.137 M NaCl, 2.7 mM KCl, 8 mM Na2HPO4 and 1.45 mM KH2PO4) solution prior to test. The pH-resulted shifts in resonant frequency of sensor in urine (cycling between pH 3.5 and 8.5) were similar to that in 0.15 M NaCl buffer, confirming that the responses were dependent mainly on the electrolyte concentration, and independent of the electrolyte species and nonelectrolytes. Using the filtration membrane, however, slowed down the sensor response time. About 30 min was needed to reach a stable response.
To improve the response rate of the filtration membranepackaged sensor, two kind of PETE filtration membranes with pore sizes of 0.8 and 5.0 μm were used. No significant difference was observed on the response time while using 0.8 or 5.0 μm membrane, suggesting that the response rate was diffusing-controlled. While increasing the temperature from 18 to 37˚C, however, the response rate was not improved. Higher temperature was not investigated since the sensor was developed for in vivo applications.
The slow response limits the sensor applications. A direct urine test was then run by placing the sensor into urine directly without the filtration membrane. Figure 4 shows the frequency shifts while cycling the sensor between pH 3.5 and 8.5 in urine, 0.05 M phosphate buffer and PBS. The collected urine was allowed to stand still for 15 min and the upper clear solution was used for this test. The pH-caused frequency shifts in PBS and urine are the same, and the frequency shifts are increased in 0.05 M phosphate buffer due to its low electrolyte concentration. These results indicate that the ME pH sensor can be used for direct urine pH test by using a calibration solution with an equivalent electrolyte concentration.
Urine pH tests
A set of calibration solutions ranging from pH 3.5 to 8.5 was prepared by adjusting the raw urine pH with 1 M HCl or NaOH and each was measured with a Delta 320 pH meter. The sensor responses to urines cycled from high pH to low pH and then back to high pH are shown in Fig. 5 . response slope of 200 Hz pH -1 . The linear range is determined by both the dissociation constant of poly(acrylic acid) and the fraction of the hydrophobic composition, iso-octyl acrylate, in the polymer. 15, 19 The addition of iso-octyl acrylate in the polymer shifts the pH sensitive swelling transition toward a more alkaline pH. Table 1 shows the pH values of real urine samples measured by the ME pH sensor. The pH values measured by a pH meter are also given in Table 1 for a comparison. The urine samples with different pH values were collected from different persons at different times. Defining the limit of detection (LOD) as 3 times noise, the LOD is calculated to be 0.1 pH units in the tested range. The relative deviation of urine pH values measured with ME pH sensor and pH meter was less than 0.5 pH units. The determination results of body fluid acidity using magnetoelastic pH sensor are comparative to the pH-meter. The results indicate that the ME pH sensor can potentially be applied to measure the urine pH value in vivo.
Sensor response to blood
The porcine blood was used as the blood sample for the sensor test. The sensor response to porcine blood was performed similarly to that of urine. No effect of pore size of PETE filtration membrane on sensor responses rate was observed as well. The frequency shift of the sensor packaged with 0.8 μm filtration membrane in response to blood was similar to that of urine. The sensor needed ∼30 min to reach a stable balance. The temperature on the sensor response rate was studied as well. The sensor response rate was still a diffusing-controlled.
The sensor response in a direct blood sample was carried out by putting it directly into blood serum. Figure 6 shows the resonant frequency of sensor cycled between pH 5.5 and 8.0 blood serum. The resonant frequency of sensor decreased ∼0.5 kHz in blood compared to PBS solution at same pH, and this can be contributed to the high viscosity and density of blood. Adsorptions of the components on sensor surfaces in blood did not affect the sensor response sensitivity and reproducibility. The pH of blood is relatively stable, so further experiments were not run. There is a good agreement with the responses of ME pH sensor in blood and urine. The results indicate that the ME pH sensor can potentially be used for monitoring the pH fluctuations of blood in vivo.
Sensor stability
The reproducibility of the sensor was examined by alternately placing the sensor in different pH urine or blood samples. The relative standard deviation of the sensor responses was 5.6% (n = 5), and to different pH sensors (n = 3) was less than 12% (n = 5). The stability of ME pH sensor during continuous operation was tested by measuring the shifts in resonant frequency of sensor. The results show that no obvious changes in resonant frequency and sensitivity when subjected to continuous cycling determination in urine and blood samples. The storage stability of the sensor was checked by measuring the sensor sensitivity in samples, and it was stored in dry state at room temperature when not in use. The sensor response sensitivity was almost unchanged in the first 10 days and ∼90% of the original response remained after 20 days (Fig. 7) . Thus, the ME pH sensor was efficient for pH determination in urine and blood samples. Such good storage stability can be attributed to the strong covalent interaction between Metglas alloy and polyurethane, and polyurethane and pH-sensitive polymer.
Conclusions
A wireless magnetoelastic body fluid pH sensor is described, based on a mass-sensitive ME sensor coated with a pH-sensitive polymer of acrylic acid and iso-octyl acrylate. The ME pH sensor response sensitivities in urine and blood are less than that in the 50 mM phosphate buffer because of high salt concentration. The results showed that the ME pH sensor can be put into urine and blood serum directly to measure the pH value of samples. No interferences from constituents in physiological concentration levels in samples were observed comparison with responses in PBS solution, and physiological concentration compounds and viscosity in urine effect on ME pH sensor responses can be neglected. The sensor resonant 466 ANALYTICAL SCIENCES APRIL 2007, VOL. 23 Fig. 5 Resonant frequency of ME pH sensor measured at decreasing pH values and then increasing pH in urine. 6 Resonant frequency of ME pH sensor as it is cycled between pH 5.5 and 8.0 blood serums. Fig. 7 Frequency responses of ME pH sensor to urines (pH between 3.5 and 8.5) as a function of the storage days.
frequency decreased ∼0.5 kHz in blood sample due to its high viscosity, but the response sensitivity was not affected. Therefore, the present method now provides a technique for the determination of physiological fluid pH values without pretreatment and without interferences from the body fluid constituents. The present novel discoveries open new routes in the ME pH sensor field from aqueous to physiological fluid, and the sensors can be used in urine and blood samples analysis. The ME pH sensor is stable upon repeated cycling in different pH urine and blood samples, and has a linear range between pH 5.0 and 8.0 in urine, with a distinguishing determination of 0.1 pH unit and frequency shift approximately 0.2 kHz pH -1 . Since no physical connections between the sensor and the monitoring electronics are required, and the ME pH sensor platform offers an opportunity for developing a useful in vivo and in situ physiological pH measurement technology.
